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Model for the spin-dependent Seebeck coefficient of InSb in a magnetic field
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We develop a simple theory for the spin-dependent Seebeck effect in n-doped InSb in an external magnetic
field. We consider spin-1/2 electrons in the conduction band of InSb with a temperature gradient parallel to the
applied magnetic field. In the absence of spin-orbit interactions, a Boltzmann equation approach leads to a spin
current parallel to the field and proportional to the temperature gradient. The calculated spin-dependent Seebeck
coefficient oscillates as a function of magnetic field B; the peak positions are approximately periodic in 1/B.
The oscillations arise when the Fermi energy crosses the bottom of a Landau band.
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I. INTRODUCTION

It is well known that spin currents can be generated in
many materials by the flow of heat current. The so-called
spin Seebeck effect arises when this spin motion leads to
the production of a voltage, usually by the inverse spin
Hall effect (ISHE). A number of recent experiments have
demonstrated the occurrence of a spin Seebeck effect in
a variety of materials [1-4] and in both transverse and
longitudinal experimental configurations [2—4]. The materials
involved can be metallic ferromagnets, magnetic insulators,
and even doped nonmagnetic semiconductors (such as Te-
doped InSb) in a strong magnetic field. Several papers have
discussed possible explanations for such behavior in a range
of materials [4—11]. Another related effect, which also arises
from interaction of spins with heat currents, is known as the
spin-dependent Seebeck effect. This involves the production
of a bulk spin current by an applied temperature gradient, but
unlike the spin-Seebeck effect does not require an ISHE, which
arises from spin-orbit interactions.

In this paper, we present a simple calculation for spin
transport, and specifically for the spin-dependent Seebeck
coefficient in n-doped InSb in the presence of a temperature
gradient and an external magnetic field. Our model is based on
the Boltzmann equation, but applied to the bands formed by
the Landau levels in an n-type semiconductor when there is a
strong magnetic field parallel to the temperature gradient. The
model readily leads to spin-dependent transport. The results
we obtain are relevant to the spin-dependent Seebeck effect in
n-doped InSb, but do not directly apply to the experiments
of Ref. [1] where the transverse spin Seebeck coefficient
was measured. The coefficient we calculate, however, does
show the characteristic oscillations with inverse magnetic field
seen in Ref. [1], and we believe that if the spin-dependent
Seebeck effect were explicitly measured in n-doped InSb,
similar oscillations would be found. In the future, by including
spin-orbit interactions, it may be possible to calculate the
measured transverse spin Seebeck effect in InSb.

The band structures of InSb and other zinc-blende semicon-
ductors have been extensively investigated, both theoretically
and experimentally. Early theoretical studies by Kane [12],
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Dresselhaus [13], and Parmenter [14] explain the effects of
symmetry on the conduction band electronic states. In other
early studies, the effects of a magnetic field on the band
structure of InSb were investigated by Roth et al. [15,16] and
by Pidgeon er al. [17]. These theoretical and experimental
studies led to a better understanding of the beats observed in
Shubnikov-de Haas oscillations in III-V semiconductors [18].
Other experiments showed that the lowest conduction band
state in InSb has the spherically symmetric I'¢ symme-
try [13,19], and that the effective mass of the conduction
band electrons is only a small fraction of the free electron
mass [19].

The remainder of the paper is organized as follows. In
Sec. II, we briefly review the relevant macroscopic transport
equations describing the coupled heat, electronic, and spin
transport. In Sec. III, we present a theory for these transport
coefficients based on a microscopic Hamiltonian combined
with the Boltzmann equation. The Hamiltonian includes the
Landau Hamiltonian for electrons in a magnetic field and the
Zeeman interaction between the spins and the magnetic field.
The Boltzmann equation is then linearized, and solved to yield
the thermoelectric and spin-dependent Seebeck coefficients. In
Sec. IV, we present numerical solutions of this model for the
various transport coefficients as a function of magnetic field at
atemperature 7 = 4.5 K. In Sec. V, we give a brief concluding
discussion. An Appendix gives explicit expressions for the
various Onsager coefficients.

II. MACROSCOPIC TRANSPORT EQUATIONS

We begin by writing down the appropriate macroscopic
transport equations for the system of interest, which we
visualize as a doped semiconductor such as n-InSb in a
magnetic field B taken parallel to the z axis. In this case,
there are three current densities to consider: the heat current
density Jp, and the charge current densities J and J_ for
spin-up and spin-down charge carriers.

These currents are expected to be linearly related to
corresponding fields, which will be —VT, and —V ., where
T is the temperature and the py are the electrochemi-
cal potentials for spin up and spin down charge carriers.
As noted by Brechet and Ansermet [20] (see also Bauer
et al. [4] and Uchida et al. [21]), the linear Onsager
relations between these currents and fields may be written
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Instead of the currents J and J_, it may be more convenient
to consider the charge current density J, = J; + J_ and the
spin current density Js = (A/2g)(J+ — J-) (where ¢ = —e
is the charge of the current carriers and we assume a spin
h/2 per carrier). Similarly, rather than the —V u4, it is more
convenient, following Valet and Fert [22], to introduce the
quantities (44, and A via the relation

Mt = gy = Au+qV. (2)

Here u,, is the average of the two chemical potentials at zero
applied voltage, V is the electrostatic potential, and Au =
5y — o).

We can now write down the linear transport equations in
terms of these new fields and currents. The result is

Jo Loo Lo. Los —-vr
Je = LeQ Lee LeS 2 ) (3)
Js Lso Lse Lss) \—5:V(Aw)

where the various L coefficients are all certain linear combi-
nations of the coefficients in Eq. (1) and £ = E + % is the
effective electric field.

Equation (3) applies if the spin polarization is parallel to
the direction of the spin current. If the spin polarization is
not parallel to the direction of spin current flow, then there
are three spin current vectors, to be called Js; withi = x, y,
and z, corresponding to current densities of the x, y, and z
components of electron spin. In this case, Eq. (3) should be
replaced by a 5x5 matrix equation, corresponding to the five
current densities Jg, J., and the three Js ;’s. Since we will not
consider this situation in the present paper, we will not write
down this equation explicitly.

III. THEORY FOR TRANSPORT COEFFICIENTS IN INSB

Next, we present a theory for some of the above transport
coefficients in an n-type semiconductor, such as Te-doped
InSb, in a magnetic field. We are particularly interested in
the coefficient Lo, which is the induced spin current density
in the z direction when a temperature gradient is applied in that
direction, as indicated in Eq. (3). As discussed in Ref. [23], we
envision that an experiment to measure this coefficient could
be carried out in a wire that is part of an open electric circuit (no
electrical current flowing), as shown schematically in Fig. 1.
As indicated in the figure, both a uniform magnetic field B and
a uniform temperature gradient VT are parallel to the wire,
which is assumed to lie in the z direction. A further analysis
of the relevant boundary conditions for this geometry is given
later in the paper.

A. Electronic energies and wave functions

The conduction band of InSb is nondegenerate, and the
low-lying electronic states in this band have the spectrum of
a free electron (of effective mass m*) in a magnetic field.
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FIG. 1. (Color online) Schematic of an idealized experimental
configuration, showing the orientation of the magnetic field, thermal
gradient, and the positions of the nonmagnetic contacts (red) used to
probe the spin-dependent Seebeck coefficient in InSb (shown in tan).
The thermal gradient and applied magnetic field are oriented along z.
Depending on the boundary conditions, as discussed this coefficient
may be determined by the longitudinal voltage difference measured
between the red contacts [see Eq. (24)] [4].

The spin-independent part of the effective-mass Hamiltonian
describing these states is thus

1 9 2 92 92
Hy = —ih— 4+ gBy) — R — — R — |,
0 2m*[+< o +a y) dy? 812]

“

where we have used SI units and a gauge such that the vector
potential A = (—By,0,0), where B = VxA is the applied
magnetic field.

The solutions of the spin-independent Hamiltonian given
in Eq. (4) are standard. The total energy is a function of a wave
vector k, and the Landau level index n, and can be written as

h22 1
En(kz) = m +|n+ 5 ha)ca (5)

where w, = eB/m™ is the cyclotron frequency. Each level has
a degeneracy per spin o, of
L,L,B
Dy
where @ = h/2e is the magnetic flux quantum.
In the absence of spin-orbit interaction, the spin-dependent
part of the electronic Hamiltonian, denoted H, consists of a

Zeeman interaction between the conduction electron and the
applied magnetic field, which may be written as

Hy =gugB-o. (7

Nn,o*z = ’ ©6)

Here g is the electronic g factor, which is assumed independent
of the magnetic field strength, g is the Bohr magneton, and
o is the vector of the three Pauli spin matrices for a spin-
1/2 particle. The eigenvalues of Hy + H; are characterized by
quantum numbers 7, k., and o, = £1/2, and are given by

En,az (kz) = En(kz) + 8MUB BGZ, (8)
with a spin o, parallel to z and a degeneracy given by Eq. (6).

B. Electrical, thermal, and spin currents

Next, we will obtain the various electronic transport
coefficients for an n-type semiconductor such as InSb, using
the Boltzmann equation. In the presence of a magnetic field,
the conduction band is broken up into many one-dimensional
bands, labeled by a Landau level index n and a spin index
o, (0, = %). Each band is also highly degenerate, with
degeneracy N, ,. as given in Eq. (6). The Boltzmann equation
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for an electron of spin o, in band n can be written in the
standard way (see, e.g., Ref. [25]) as

d n,o, F 0 n,o;
g + Vno‘ (k ) Vrgn o, + - Vk;gn,az = <g—’) .
a h coll

Jat
)

Here g, 0, (r,k,t) is the probability that an electron in a state
k. in the n™M band with spin o, at a position r is occupied at
timet, F = —e£ = —eE — Vu, and v,,,. (k.) is the velocity of
an electron in the state described by &, o, and n.

As is conventional, we make the relaxation time approxi-
mation so that the collision term is rewritten as

(8gn,az> ~ _agri,af(rkaat) (10)
ot coll T ’

Where 88n,0. 1s the dev1at10n of g, », from its equilibrium value
g o.- The function g ». 1s setequal to the Fermi function given
by

1
eXp [IB(EnU(kz) - H«)] +1 ’

where 8 = 1/kpT, T is the temperature, kg is Boltzmann’s
constant, and  is the chemical potential.

We seek a steady-state solution and thus the first term on
the left-hand side of Eq. (9) vanishes. We also linearize the
Boltzmann equation by assuming that both V, g, ,. and F are
small, so that the factor g, ., in both the second and the third
terms of Eq. (9) can be approximated as g?l’m . Combining these
conditions, we obtain the linearized steady-state Boltzmann
equation in the relaxation time approximation, which, after
simplification, is

8o (k) = (11)

Sgno (k) Epo (k) — dgy ,
. 8n, ( 2) _ En, :( D= U _ 8n.o. VT'Vn,g.(kz)
T T E ‘
+F v, (k) g’“’ (12)
na aE E)

where we evaluate E at £ = E, ;. (k).

We are interested in the case of an applied temperature
gradient and effective electric field oriented along the z axis
[see Eq. (3)]. We can now express the electric, heat, and spin
currents in terms of 8g, . (k;), as obtained from Eq. (12). Two
of these expressions are given, for a spherical band, by, e.g.,
Ref. [25]. These general expressions need to be modified to
take account of the degeneracy of the Landau bands as we do
below. The mathematical form of the spin current density, Js,
is similar to that of the electrical current density, J..

To be explicit, we can write out the current densities in the
system as follows:

Z/—( N 0. V0. (k)38 0.(k2),  (13)

dk,
=—Z/ ENuo AE 0.V, (k)3 (k). (14)

n,o;

L. dk.
Js,,-=7§ / £ 15(01) N Vi (kg (k). (19)
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where the limits of the integral are oo and AE,, =
En,az (kz) — MK

In Egs. (13)-(15), Jo is the heat current, v, ,(k;) =
h’leE,wZ (k;) is the velocity of the electron in the band
labeled by (n,0,), and (o0, ;) is the expectation value of the
ith component of spin in the band (n,0,) (i = x,y,2). In the
absence of spin-orbit interaction, only J ., that is, the current
density associated with the z component of spin, is nonzero.

For an electron in the conduction band the velocity,
V0. (k;) = v, 5. (k;)Z is given by

hk;,
Una(k)_

h o [2m*
=t \/}’; (En ko) = ED,). (16)

where the + and — signs apply when k, > 0 and k, <0,
respectively, and En ». 1s defined as the minimum energy for
the band (n, 0,) given by

E,?qu = (n +

In order to calculate the various transport coefficients in
Egs. (13)-(15), we need the chemical potential . u can be
calculated given the conduction electron density p = N,/ V,
where N, is the total number of conduction electrons in volume
V. For the present case, the chemical potential y is obtained
from

3)hwe + 0,815 B. (17)

= o Z/ gn . (ko)dk (18)

where Eq. (18) is an implicit equation for (7', B).

Since the experiments of Ref. [1] are done at a very
low temperature (7' = 4.5 K), we have approximated pn (or
equivalently, the Fermi energy E ) by its value at 7 = 0. In
this case, 82,0, is just a step function, and E ¢ is given implicitly
by

_S B oY
p—gn%(m (1 E)) (19)

where E? s defined in Eq. (17) and the sum runs only over
Landau bands with nonzero electron occupation at 7 = 0.

C. Transport coefficients

We obtain the transport coefficients of interest by using
Onsager’s linear relationship between the currents and the
forces generating the currents [26]. For the present problem,
this relation is given by Eq. (3). These may be written in
condensed form as

Ji =" LiF;, (20)
J

where i = e,(Q,S runs over the three currents in the system
and j runs over the forces acting on the conduction electrons.
In this paper, we consider only longitudinal spin currents,
i.e., we assume that only (o.) # 0. The explicit form of
the measured transport coefficients can then be obtained by
combining Eq. (3) with Egs. (12)-(16).
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For example, the electrical conductivity, o, is given by the
Onsager coefficient L,.. Similarly, the thermal conductivity,
Kk, 1s given by [25]

= LQQLee - LQeLeQ
L.

, 2y

where the Onsager coefficients are given in Appendix and
shown in Fig. 4.

The thermopower « is generally defined as the ratio of
the z component of the electric field to the negative of the
thermal gradient (also assumed to be in the z direction) under
the condition of zero electrical current in the z direction. We
write this condition as £ = a(—VT)y,—o [25]. It is readily
shown that the o can be expressed in terms of the Onsager
coefficients as

L.o

=——=. 22
o L. (22)

We can also calculate the coefficient L, which describes
spin current parallel to the magnetic field and driven by
a temperature gradient. A possible geometry for measuring
this coefficient is shown in Fig. 1, as already mentioned.
In this geometry, the n-type InSb is placed between two
nonmagnetic contacts in an open circuit (no charge current),
and a temperature difference is maintained between the two
contacts.

The analysis of spin and thermal transport in this config-
uration has been discussed in Ref. [23] for a ferromagnetic
metallic wire, and can also be used for the present case. As
discussed there, the results depend on the boundary conditions
at the ends of the wire, which are likely to fall between two
possible limiting cases. In our notation, these are (i) Ay =0
at each end of the wire; and (ii) Jg¢ = O at the two ends. For
case (i), we can solve Egs. (3) taking J, =0 and Au =0 to
obtain £ = (L.o/L..)VT and

LSeLeQ _
L—)( vT). (23)

ee

Js = <LSQ —

In our notation, this is equivalent to the result obtained in
Ref. [23] for position-independent temperature gradient and
boundary condition (i). For boundary condition (ii), one can
solve Eq. (3) under the conditions J, = 0, Js = O to obtain

_ LssL.op — LesLso

£= (24)
LeeLSS - LeSLSe
and
h LgeLS - LSeLe
—V(Ap) = Q Q. (25)
2q LeeLss — LesLse

Thus, various observable quantities (spin current density,
induced electric field) are sensitive to the spin-dependent
Seebeck coefficient Lgp. The results would be modified when
spin-flip scattering is included, as described in Ref. [23].
The thermally induced spin accumulation (i.e., Au) or spin
current can also be detected nonlocally, by allowing the spin
to diffuse into a nonmagnetic material, as discussed by Slachter
et al. [24].
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TABLE 1. Numerical parameters used in the calculation of the
Onsager coefficients given in Appendix. The estimate T ~ 10712 s is
inferred from the electron mobility quoted in Ref. [1].

Assumed values for the physical properties of InSb

Quantity Value Ref.
g —49.0 [27]
m* 0.013m, [19]
T ~1x1071% s [1]

IV. NUMERICAL RESULTS

We now turn to numerical results based on the present
simplified model. We first calculate the chemical potential
u(T,B) at T = 0 K, assuming parameters appropriate to the
conduction band of InSb and the experiments of Ref. [1], as
given in Table L.

The resulting Fermi energy is shown in Fig. 2 as a
function of B, assuming a conduction electron density of p =
3.7x10" ¢cm™3, as used in the experiments of Ref. [1]. The
results show, as already obtained in Ref. [1], that u(T = 0,B)
is a nonmonotonic function of B, with discontinuous changes
in slope wherever the minimum of one of the spin subbands
rises through the Fermi energy and becomes unoccupied.

Given the Fermi energy, or at finite temperature the chem-
ical potential u(7T,B), we can calculate a variety of transport
coefficients. Here we calculate the components of electrical
and thermal conductivities, and of the thermopower, parallel
to the field, under the appropriate experimental conditions as
described above. We also calculate the transport coefficient
Lso [Eq. (3)], which represents the spin current density in
the z direction per unit applied temperature gradient in the
z direction. Expressions for the relevant Onsager coefficients
are given in Appendix. All the coefficients are functions of
both the applied magnetic field B and the temperature 7. The

200 2D
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| o

Energy (meV)
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[

50 1

0.0 L L L L L

Magnetic Field (T)

FIG. 2. (Color online) Calculated Fermi energy at 7 = 0 K plot-
ted as a function of an applied magnetic field along the z direction
as indicated in Fig. 1. We also show the first three Landau bands
(n = 0,1,2); each band is labeled by its band index n and spin o, as
(n, 0;), where o, = =. Straight lines correspond to the minima of the
various Landau subbands, as labeled in the figure. Scalloped curve
represents the 7 = 0 Fermi energy Er as a function of magnetic field.
In this figure, Ef is calculated neglecting spin-orbit coupling.
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FIG. 3. The calculated electrical conductivity o,, given in
Eq. (A1), plotted as a function of the inverse magnetic field 1/B at
T = 4.5 K, and neglecting spin-orbit interactions. The maxima in the
conductivity occur when the Fermi energy crosses the bottom of the
Landau band as plotted in Fig. 2. The highest-field maximum occurs
at approximately B = 1.2 T, which corresponds to the Fermi energy
crossing the (0,—) Landau level. This curve is calculated neglecting
spin-orbit interaction and using the 7 = 0 Fermi energy.

integrals in the transport coefficients are all dominated by
energies within k3T of Ep, since the energy derivative of the
Fermi function, which is a factor in each of the integrals, is
strongly peaked near Er.

The results of these calculations are shown in Figs. 3-6.
In each case, we have plotted the transport coefficients at
T =4.5K as functions of the inverse magnetic field. The
various numerical parameters used in the calculations are given
in Table I. We plot the transport coefficients in this manner in
order to show that the positions of the peaks in these quantities
vary periodically with 1/B. The oscillations are examples of
the de Haas- van Alphen-like oscillations normally seen in
the magnetotransport coefficients of metals [28]. In particular,
the spin-dependent Seebeck coefficient Lgp shows these
oscillations, which are similar to those seen in experiments
(but the experiments measure the transverse spin-dependent
Seebeck coefficient).

6.0x107

K (W/m-K)
W
(=}

0 1 1 1
0 1 2 3 4 5

1/B(T™

FIG. 4. Calculated thermal conductivity, k, given in Eq. (21),
plotted as afunctionof 1 /B at T = 4.5 K. The maximain k occur, like
those of o, when the field-dependent Fermi energy crosses the bottom
of a Landau level. This curve is calculated assuming no spin-orbit
interaction and the values of the 7 = 0 K Fermi energy.
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FIG. 5. The calculated thermopower, as obtained using Eq. (22),
plotted versus 1/B at T = 4.5 K. The maxima occur in the same
manner as in Figs. 3 and 4. This curve is calculated assuming no
spin-orbit interaction and the values of the 7" = 0 K Fermi energy.

V. DISCUSSION AND CONCLUSIONS

In this paper, we have given a simple model for the
spin-dependent Seebeck coefficient in InSb. In our model, the
electronic energy levels of n-type InSb in a magnetic field
are given as Landau levels and the various electronic transport
coefficients, including the spin-dependent Seebeck coefficient,
are obtained from a simple Boltzmann equation approach for
each Landau subband. The oscillations of this coefficient in
a magnetic field occur when the Fermi energy crosses the
minima of the various Landau subbands as the magnetic field
is varied.

While our model holds, in principle, for any temperature
T, we have carried out the calculations of the transport
coefficients only at low T (T ~4.5 K) and specifically
calculated the chemical potential at 7 = 0 K (see Fig. 2).
While the difference between the chemical potential at 7 = 0
and T = 4.5 Kiis small, it could affect both the magnitude and
position of the Landau level crossings. This change could give
quantitatively different results, but the qualitatively picture of
the oscillations would remain the same.

0.6x10°
g 04y
o
<
o
S 02
0.0

/B(T ™Y

FIG. 6. The calculated spin-dependent Seebeck coefficient Lgg
given by Eq. (A4), plotted versus 1/B at T = 4.5 K but using the
T = 0 K Fermi energy. The maxima occur when the minima of the
various Landau subbands cross the Fermi energy, as in Figs. 3-5.
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Finally, we discuss how our simple model might be
modified to produce a transverse spin-dependent Seebeck
effect. The present model omits spin-orbit interaction, which is
known to have a large effect on the band structure of InSb and
similar compound semiconductors. The spin-orbit interaction
couples the spatial momentum to various components of the
electronic spin. In particular, some forms of this interaction
couple momenta in one direction with spin components in
other directions. Such coupling could lead to expectation
values of the spin vector which are tilted relative to the
electronic momentum. This could, in turn, produce a nonzero
value of Js . and Js, , along the z direction. If the spin vector
is tilted relative to the direction of spin current, this will lead
to a transverse electric field via the inverse spin Hall effect
(ISHE) [29]. An ISHE electric field would also be produced
if the spin is oriented in the z direction but the corresponding

J

Z/ dkzzm

n,o;

dk
eQ -

LSQ,———Z/ (0 k) Ny [ k)]
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spin current has a component in the x or y direction. A model
for this transverse spin-dependent Seebeck effect based on this
picture is a subject for future work.
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APPENDIX: ONSAGER COEFFICIENTS

Here we give expressions for the various Onsager coeffi-
cients discussed and calculated in the text. In our model, the
Onsager coefficients are

) ag,?a (E T)

[, ()P 20 (Al)

, AE g, (E.T)
n 07 Un oy (k )] B—E, (Az)

9g0 984,06, (E.T) (E T)

Loes =——Z / e o1k Ny [ k) 7= (A3)

0
2 AL 31 (Ad)

T O0E
(AE) gy 5.

T[vn.@(ka]zr . (AS)

L, < gk,
Loo=F X [ 57

where L.g = Lo, and AE = E, ;. (k;) — p. In Eqs. (Al)-

(A5), the derivative 8g2’gz(\E,T)/8E = —BePE-W/
[P E=W 4112, with B =1/(kgT), and E = E, .. (k,).
In our calculations, the integrals given above are

converted to integrals over energy using the relationship
dk, =dE/[dE/dk;]. All the integrals are dominated

(

by the energy range within kg7 of the Fermi energy,
because 8g2,m/3E is strongly peaked around E = Ef.
In practice, the integrands all become vanishingly small
beyond an energy of ~3kpT on either side of Er. In
all the above expressions, v, (k;) is obtained from
Eq. (16).

[1] C. M. Jaworski, R. C. Myers, E. Johnston-Halperin, and J. P.
Heremans, Nature (London) 487, 210 (2012).

[2] K. Uchida, H. Adachi, T. Ota, H. Nakayama, S. Maekawa, and
E. Saitoh, Appl. Phys. Lett. 97, 172505 (2010).

[3] K. Uchida, S. Takahoshi, K. Harii, J. Ieda, W. Koshibae, K.
Ando, S. Maekawa, and E. Saitoh, Nature (London) 455, 778
(2008).

[4] G. E. W. Bauer, E. Saitoh, and B. J. van Wees, Nat. Mater. 11,
391 (2012).

[5] Y. Takezoe, K. Hosono, A. Takeuchi, and G. Tatara, Phys. Rev.
B 82, 094451 (2010).

[6] B. Scharf, A. Matos-Abiague, 1. Zutic, and J. Fabian, Phys. Rev.
B 85, 085208 (2012).

[7] L. Zutic, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323
(2004).
[8] J. Fabian, A. Matos-Abiague, C. Ertler, P. Stano, and 1. Zutic,
Acta Phys. Slov. 57, 565 (2007).
[9] M. Johnson and R. H. Silsbee, Phys. Rev. B 35, 4959 (1987).
[10] M. Johnson and R. H. Silsbee, Phys. Rev. B 37, 5312 (1988).
[11] M. Hatami, G. E. W. Bauer, Q. Zhang, and P. J. Kelly,
Phys. Rev. B 79, 174426 (2009).

[12] E. O. Kane, J. Phys. Chem. Sol. 1, 249 (1957).

[13] G. Dresselhaus, Phys. Rev. 100, 580 (1955).

[14] R. H. Parmenter, Phys. Rev. 100, 573 (1955).

[15] L. M. Roth, S. H. Groves, and P. W. Wyatt, Phys. Rev. Lett. 19,
576 (1967).

174435-6


http://dx.doi.org/10.1038/nature11221
http://dx.doi.org/10.1038/nature11221
http://dx.doi.org/10.1038/nature11221
http://dx.doi.org/10.1038/nature11221
http://dx.doi.org/10.1063/1.3507386
http://dx.doi.org/10.1063/1.3507386
http://dx.doi.org/10.1063/1.3507386
http://dx.doi.org/10.1063/1.3507386
http://dx.doi.org/10.1038/nature07321
http://dx.doi.org/10.1038/nature07321
http://dx.doi.org/10.1038/nature07321
http://dx.doi.org/10.1038/nature07321
http://dx.doi.org/10.1038/nmat3301
http://dx.doi.org/10.1038/nmat3301
http://dx.doi.org/10.1038/nmat3301
http://dx.doi.org/10.1038/nmat3301
http://dx.doi.org/10.1103/PhysRevB.82.094451
http://dx.doi.org/10.1103/PhysRevB.82.094451
http://dx.doi.org/10.1103/PhysRevB.82.094451
http://dx.doi.org/10.1103/PhysRevB.82.094451
http://dx.doi.org/10.1103/PhysRevB.85.085208
http://dx.doi.org/10.1103/PhysRevB.85.085208
http://dx.doi.org/10.1103/PhysRevB.85.085208
http://dx.doi.org/10.1103/PhysRevB.85.085208
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/PhysRevB.35.4959
http://dx.doi.org/10.1103/PhysRevB.35.4959
http://dx.doi.org/10.1103/PhysRevB.35.4959
http://dx.doi.org/10.1103/PhysRevB.35.4959
http://dx.doi.org/10.1103/PhysRevB.37.5312
http://dx.doi.org/10.1103/PhysRevB.37.5312
http://dx.doi.org/10.1103/PhysRevB.37.5312
http://dx.doi.org/10.1103/PhysRevB.37.5312
http://dx.doi.org/10.1103/PhysRevB.79.174426
http://dx.doi.org/10.1103/PhysRevB.79.174426
http://dx.doi.org/10.1103/PhysRevB.79.174426
http://dx.doi.org/10.1103/PhysRevB.79.174426
http://dx.doi.org/10.1016/0022-3697(57)90013-6
http://dx.doi.org/10.1016/0022-3697(57)90013-6
http://dx.doi.org/10.1016/0022-3697(57)90013-6
http://dx.doi.org/10.1016/0022-3697(57)90013-6
http://dx.doi.org/10.1103/PhysRev.100.580
http://dx.doi.org/10.1103/PhysRev.100.580
http://dx.doi.org/10.1103/PhysRev.100.580
http://dx.doi.org/10.1103/PhysRev.100.580
http://dx.doi.org/10.1103/PhysRev.100.573
http://dx.doi.org/10.1103/PhysRev.100.573
http://dx.doi.org/10.1103/PhysRev.100.573
http://dx.doi.org/10.1103/PhysRev.100.573
http://dx.doi.org/10.1103/PhysRevLett.19.576
http://dx.doi.org/10.1103/PhysRevLett.19.576
http://dx.doi.org/10.1103/PhysRevLett.19.576
http://dx.doi.org/10.1103/PhysRevLett.19.576

MODEL FOR THE SPIN-DEPENDENT SEEBECK ...

[16] L. M. Roth, Phys. Rev. 173, 755 (1968).

[17] C. R. Pidgeon and S. H. Groves, Phys. Rev. 186, 824
(1969).

[18] J. Alsmeier, Ch. Sikorski, and U. Merkt, Phys. Rev. B 37,
4314(R) (1988).

[19] G. Dresselhaus, A. F. Kip, C. Kittel, and G. Wagoner, Phys. Rev.
98, 556 (1955).

[20] S. D. Brechet and J.-P. Ansermet, Phys. Stat. Sol. RRL 5§, 423
(2011).

[21] K. Uchida, S. Takahashi, J. Ieda, K. Harii, K. Ikeda, W. Koshibae,
S. Maekawa, and E. Saitoh, J. Appl. Phys. 105, 07C908
(2009).

[22] T. Valet and A. Fert, Phys. Rev. B 48, 7099 (1993).

PHYSICAL REVIEW B 90, 174435 (2014)

[23] M. Hatami, G. E. W. Bauer, S. Takahashi, and Ds. Maekawa,
Sol. State Commun. 150, 480 (2010).

[24] A. Slachter, F. L. Bakker, J. P. Adam, and B. J. van Wees,
Nat. Phys. 6, 879 (2010).

[25] N. W. Ashcroft and N. D. Mermin, Solid State Physics
(Brooks/Cole, Belmont, California, 1976).

[26] L. Onsager, Phys. Rev. 37, 405 (1931).

[27] O. Madelung, Landolt-Bornstein, Numerical Data and Func-
tional Relationships in Science and Technology, New Series
Group III, Vol. 17, Subvol. A, Sec. 2.15 (Springer, Berlin, 1982).

[28] D. Shoenberg, Magnetic Oscillations in Metals (Cambridge
University Press, New York, 1984).

[29] K. Ando and E. Saitoh, Nat. Commun. 3, 629 (2012).

174435-7


http://dx.doi.org/10.1103/PhysRev.173.755
http://dx.doi.org/10.1103/PhysRev.173.755
http://dx.doi.org/10.1103/PhysRev.173.755
http://dx.doi.org/10.1103/PhysRev.173.755
http://dx.doi.org/10.1103/PhysRev.186.824
http://dx.doi.org/10.1103/PhysRev.186.824
http://dx.doi.org/10.1103/PhysRev.186.824
http://dx.doi.org/10.1103/PhysRev.186.824
http://dx.doi.org/10.1103/PhysRevB.37.4314
http://dx.doi.org/10.1103/PhysRevB.37.4314
http://dx.doi.org/10.1103/PhysRevB.37.4314
http://dx.doi.org/10.1103/PhysRevB.37.4314
http://dx.doi.org/10.1103/PhysRev.98.556.2
http://dx.doi.org/10.1103/PhysRev.98.556.2
http://dx.doi.org/10.1103/PhysRev.98.556.2
http://dx.doi.org/10.1103/PhysRev.98.556.2
http://dx.doi.org/10.1002/pssr.201105180
http://dx.doi.org/10.1002/pssr.201105180
http://dx.doi.org/10.1002/pssr.201105180
http://dx.doi.org/10.1002/pssr.201105180
http://dx.doi.org/10.1063/1.3056581
http://dx.doi.org/10.1063/1.3056581
http://dx.doi.org/10.1063/1.3056581
http://dx.doi.org/10.1063/1.3056581
http://dx.doi.org/10.1103/PhysRevB.48.7099
http://dx.doi.org/10.1103/PhysRevB.48.7099
http://dx.doi.org/10.1103/PhysRevB.48.7099
http://dx.doi.org/10.1103/PhysRevB.48.7099
http://dx.doi.org/10.1016/j.ssc.2009.12.013
http://dx.doi.org/10.1016/j.ssc.2009.12.013
http://dx.doi.org/10.1016/j.ssc.2009.12.013
http://dx.doi.org/10.1016/j.ssc.2009.12.013
http://dx.doi.org/10.1038/nphys1767
http://dx.doi.org/10.1038/nphys1767
http://dx.doi.org/10.1038/nphys1767
http://dx.doi.org/10.1038/nphys1767
http://dx.doi.org/10.1103/PhysRev.37.405
http://dx.doi.org/10.1103/PhysRev.37.405
http://dx.doi.org/10.1103/PhysRev.37.405
http://dx.doi.org/10.1103/PhysRev.37.405
http://dx.doi.org/10.1038/ncomms1640
http://dx.doi.org/10.1038/ncomms1640
http://dx.doi.org/10.1038/ncomms1640
http://dx.doi.org/10.1038/ncomms1640



